Abstract-We demonstrate how resonant excitation of a microelectromechanical system can be used to increase the tuning range of a vertical-cavity surface-emitting laser twofold by enabling both blue-and red-shifting of the wavelength. In this way, a short-cavity design enabling wide tuning range can be realized. A high-index-contrast subwavelength grating vertical-cavity surfaceemitting laser with a monolithically integrated antireflection coating is presented. By incorporating an antireflection coating into the air cavity, higher tuning efficiency can be achieved at low threshold current. The first result shows 24-nm continuous resonant tuning range around an emission wavelength of 1060 nm with 0.9 mW output power.
I. INTRODUCTION

S
EMICONDUCTOR lasers emitting at a wavelength of 1060 nm have potential applications within short-reach optical interconnects and medical diagnostics [1] , [2] . For optical interconnects, vertical-cavity surface-emitting lasers (VCSELs) have already been established as the attractive choice where low-power consumption and high volume is desired. For sensing applications, VCSELs are also a popular choice offering low power consumption and good spectral properties [3] , [4] .
Optical coherence tomography (OCT) is a well-established medical diagnostic technique for cross-sectional imaging of the retina, which is part of the eye. In the field of OCT, it has been recognized that imaging at 1060 nm, instead of the current standard of 840 nm, enables visualization of the choroidal vascular structure [5] , [6] . This has important clinical implications in imaging the retina on patients with cataract. Air-cavity tunable VCSELs enable the broadband tunability required for high-resolution OCT imaging [2] .
A VCSEL with an air-cavity can provide much greater wavelength tunability than solid-cavity VCSELs [7] , [8] . Temperature-induced wavelength tuning is a well-known effect in semiconductor lasers, but the tuning range is limited. The widest tuning range reported so far is 10 nm at an emission T. Ansbaek wavelength of 950 nm [9] . In contrast 102 nm tuning range at 1550 nm, 142 nm at 1310 nm, and 90 nm at 1060 nm has been reported for air-cavity tunable VCSELs with electrical or optical pumping [10] - [12] . These designs are limited in tuning range by the free spectral range (FSR). The FSR can be increased by decreasing the optical cavity length, but this will also reduce the wavelength tuning range. We show that when the tuning is provided by a mirror realized in a resonant microelectromechanical system (MEMS) the tuning range can be increased by exciting the MEMS structure at resonance. The increased tuning range results from the bipolar motion of the mirror around the rest position; as a result red-as well as blue-shifting of the laser wavelength is accomplished.
II. DEVICE STRUCTURE
The structure of the tunable MEMS VCSEL, shown in Fig. 1 , includes an electrostatically actuated mirror for laser wavelength tuning; the mirror is integrated with the laser cavity and gain medium in a monolithic unit. The structure is a half-VCSEL with an intracavity contact. An air gap between the half-VCSEL and the top mirror makes it possible to change the physical cavity length. On top of the intracavity contact a low-refractive index oxide is placed, such that the reflection at the air-semiconductor interface is reduced and an extended cavity design achieved. The optical cavity length, nL, is five times the distributed Bragg reflector (DBR) wavelength λ B . We have chosen the extended cavity design since this configuration has the best tradeoff between threshold material gain and tuning efficiency [8] . In order to achieve a polarization stable output, we have chosen to replace the top distributed Bragg reflector (DBR) with a high index contrast grating (HCG) mirror. In contrast to the earlier design by Huang et al. [13] we omit the p-doped DBR, since this will introduce an undesired reflection that will limit the continuous tuning range [14] . The bottom n-doped DBR mirror has 35 mirror pairs of Al 0.9 Ga 0.1 As/GaAs and a Bragg wavelength of λ B = 1060 nm. Since we are targeting a top-emitting structure it is important that the DBR reflectance is larger than the top HCG reflectance. The reflectivity at λ B of the DBR is estimated to be 0.9997 and that of the HCG 0.9988, computed by the transfer matrix method and rigorously coupled wave analysis, respectively. These values are based on an estimated loss of 5/cm [15] . The active region consists of In 0.3 Ga 0.7 As multiple quantum wells (QWs) placed at the antinode of the electric field intensity at λ B . The three In 0.3 Ga 0.7 As QWs are highly strained and in order to achieve strain compensation GaAs 0.8 P 0.2 is used as barrier layers. Current confinement is achieved through oxidizing a 55-nm-thick Al 0.98 Ga 0.02 As layer placed at a intensity node. Through 2-D finite-difference time-domain simulations, we have found that an oxide aperture of 8 μm ensures singlemode operation. Fig. 2 shows a plot of the calculated mode profile of the fundamental mode (in dB) [16] . A moderately p-doped GaAs current spreading layer makes up the anode of the pin-junction diode.
In order to reduce the parasitic reflectance at the high-index contrast semiconductor to air interface we employ an Al 2 O 3 antireflective coating (ARC) made of oxidized Al 0.98 Ga 0.02 As since this allows growth of the device in a single epitaxial step [17] . The nominal refractive index and thickness of the ARC is 1.6 and 171 nm, respectively (a 6.7% thickness reduction during oxidation is accounted for in the epitaxial growth [18] ). The final air-gap height of 560 nm is defined by an In 0.5 Al 0.5 P sacrificial layer which is removed during processing. The top layer of n-doped GaAs is structured into a HCG mirror. For the HCG, we have chosen a thickness of 280 nm, a period of 460 nm, and a duty cycle of 0.72. A SEM image of the fabricated VCSEL is shown in Fig. 3(a) while a close-up on the MEMS and HCG structure is seen in Fig. 3(b) . Further details on the design and processing are found in [19] and [20] .
III. RESULTS AND DISCUSSION
The VCSELs have been tested in terms of their lightcurrent-voltage characteristics and single-mode property. During device processing, the Bragg wavelength was measured to be λ B = 1065 ± 5 nm and the photoluminescence peak λ PL = 1052 ± 8 nm averaged across a 10×10 mm die. Fig. 4 shows a plot of the I-V and current-power relation for a HCG VCSEL. The power was measured using a large-area silicon photodiode (Thorlabs FDS1010), as estimated using data for the wavelength-dependent responsivity. The threshold current is around 1 mA and the maximum output power at roomtemperature (20 • C) is 0.9 mW. Thermal roll-over is seen to occur at 10 mA and the VCSEL continues to lase up to 60
• C. Fig. 5 shows a plot of the optical spectrum measured by coupling part of the emission into a Corning SMF-28e fiber connected to an optical spectrum analyzer. The output spectrum shows that the VCSELs are single-mode with a peak emission at 1070 nm. This makes the wavelength detuning between the lasing mode and peak gain/reflectivity around 20 nm. The HCG mirror provide an additional method of higher order mode suppression since its size is comparable to the oxide aperture, hence high-order transverse modes will experience a larger optical loss [17] .
The output spectrum was also measured for increasing tuning voltages applied to the MEMS contact; in these measurements, the n-doped MEMS contact was biased at positive polarity with respect to the laser anode. The optical spectrum for increasing MEMS tuning voltage is seen in Fig. 6 with the intensity on the left axis. The 3 dB tuning range is seen to be 10 nm, while the full tuning range is larger than 16 nm. The tuning voltage is shown on the right axis and the tuning range is found to be limited by pull-in around 35 V. Static pull-in occurs at a displacement, that is, 1/3 of the equilibrium effective MEMS actuator gap g 0 = g a + h r / r , where g a is the air gap, h r and r are the thickness and relative permittivity of the ARC layer, respectively.
From measurements on another VCSEL with 18 nm tuning range limited by pull-in at 29 V, we can extract the maximum tuning efficiency to be Δλ/Δg = 0.08 nm/nm. Compared to the tuning efficiency of 0.01 nm/nm in [13] a significant increase is achieved by the extended cavity design. A similar increase in the tuning efficiency to 0.14 nm/nm has been reported using a SiON ARC [10] .
A continuously swept light source is interesting for OCT and hence both small-and large-signal modulations were investigated. As evident from Fig. 6 , even at relatively large tuning voltages the mechanical deflection is small (the mechanical deflection is directly proportional to the wavelength change). The small-signal modulation response of the VCSEL was measured by applying the voltage waveform with V dc = 6 V and V ac = 1.5 V. The resulting sweep amplitude extracted from the optical spectrum is shown versus the excitation frequency f = ω/(2π) in Fig. 7 . The frequency response follows the transfer function of a damped harmonic oscillator with a flat response at low frequencies, a response peak near the mechanical resonance frequency of f 0 = 850 kHz, and a steep decline of the response at higher frequencies. The experimental resonance frequency is in good agreement with the mechanical resonance frequency of 841.5 kHz found from a finite element eigenfrequency analysis using COMSOL Multiphysics. Fig. 8 shows the fundamental mechanical resonance mode of the micromirror. Due to the electrostatic spring softening the resonance frequency will be overestimated in the mechanical model, while leaving out the grating underestimates the resonance frequency. From Fig. 7 the quality factor, Q = ω 0 /Δω, of 4 is extracted. The low quality factor was expected, since the measurements were performed in air at atmospheric pressure where squeeze film damping in the narrow air gap is the dominant loss mechanism contributing to the low quality factor of the MEMS oscillator. Measurements of the thermal vibration spectrum of a micromirror of similar size using a Doppler vibrometry confirmed this expectation, since a quality factor of 2490 was extracted from the spectrum at reduced pressure using a Lorentzian fit.
In static operation of a MEMS VCSEL, only blue shift (moving toward shorter wavelengths) of the emission wavelength is applicable. Here we show how red shift (moving toward longer wavelengths) as well can be exploited in dynamic operation to increase the tuning range. The use of resonant excitation of the MEMS has been demonstrated by Vail et al. for continuously sweeping the wavelength 12 nm for a 980 nm VCSEL [21] , [22] . In the following, the theory of the resonant MEMS VCSEL is described. In the MEMS VCSEL, the mirror-spring system is really a mechanical harmonic oscillator with a nonlinear actuation force. The equation of motion for the MEMS [23] may, in dimensionless form, be expressed as
where u = z/g 0 is the normalized mirror deflection, Q is the quality factor, ω 0 = (K/M ) 1/2 is the angular resonance frequency, V (t) the applied actuation voltage, and
1/2 the pull-in voltage; here K is the effective spring constant of the beams supporting the mirror, M is the mass of the mirror, and C 0 is the equilibrium actuator capacitance.
Obviously, eq. (2) is a nonlinear differential equation; the left-hand side is the equation of motion for a linear harmonic oscillator while the right-hand side is a dimensionless nonlinear electrostatic driving force term F el (u, t). The static deflection curve at constant actuation voltage V (t) = V dc is however easily obtained from
for u ≤ 1/3 and V dc ≤ V PI ; at larger deflections and voltages the system becomes unstable and pull-in occurs. The laser wavelength shift as a function of the static actuation voltage observed in Fig. 6 is in perfect agreement with eq. (3). Inserting eq. (1) into (2) and doing a Taylor expansion of the right-hand side in terms of the normalized deflection u the electrostatic driving force, F el is written as
Since |u| < 1 the higher order terms can be ignored for sufficiently small deflections, and then to first order the MEMS will behave as a linear forced oscillator. The first higher order term (2u) results in the reduction of the effective spring constant, an effect commonly referred to as electrostatic spring softening. The main effect of the spring softening term is a reduction of the resonance frequency with increasing dc actuation voltage. From (4), it is further seen that due to the quadratic dependence of the force on the voltage a sinusoidal drive waveform will always cause a dc offset force, and a corresponding dc offset deflection. Furthermore, there is a force component at the drive frequency ω and a second harmonic component at 2ω. If the structure allows bipolar modulation voltages, a sinusoidal drive voltage at half the resonance frequency ω = ω 0 /2 without an applied dc voltage, will cause the second harmonic term to be dominant and modulation at ω missing.
On the other hand, by choosing V ac V dc the excitation of the second harmonic term can be suppressed and the ac force will be dominated by the term at the excitation frequency. For the linear harmonic oscillator, a forced oscillation will result in the steady-state time-dependent deflection [23] u(t) = 4 27
which has a peak near ω = ω 0 and with a frequency dependent phaselag of φ between forcing and oscillation. Equation (5) describes the frequency dependence of the sweep amplitude seen in Fig. 7 . The relative deflection u will be both positive and negative and the amplitude depends on the product of the ac modulation voltage and the dc offset voltage as well as on the frequency. Fig. 9 shows the optical spectra of the VCSEL in static and dynamic operations with V dc = 10 V and V ac = 0, 3.5, and 5 V. The initial wavelength is 1069 nm and from Fig. 6 it is seen that changing V dc from 10 to 13.5 V changes the static wavelength from 1069 to 1068 nm. When the VCSEL mirror is driven at the mechanical resonance frequency the wavelength is seen to both blue-and red-shift as evident in Fig. 9 , where the total wavelength sweep amplitude is 14 nm at V ac = 3.5 V. Increasing the ac voltage to 5 V increases the wavelength sweep amplitude to 24 nm, which is more than the 3 dB tuning range in static operation. In Fig. 9 , the center wavelength in dynamic operation (at highest speed and thus lowest integrated intensity) blue-shift for increasing sweep ac voltage as expected from (4) and (5) . The constant electrostatic force term in (4) causes a constant off-set u 0 from the resting position; the off-set depends on both the dc and the ac voltages. Hence, in order to achieve the maximum tuning range it is advantageous to use a small ac voltage and very low dc voltage to minimize the offset.
IV. CONCLUSION
The static and dynamic performances of a tunable 1060 nm VCSEL with extended cavity has been presented. The top DBR mirror of the VCSEL was substituted with a HCG mirror to make the VCSEL polarization stable. The VCSEL shows 0.9 mW peak output power at room-temperature operation with high sidemode suppression. The static 3 dB tuning range is 10 nm and the dynamic 3 dB tuning range 24 nm. The increased dynamic tuning range is achieved by driving the MEMS at resonance, which makes the wavelength both blue-and red-shift. As shown, the bipolar deflection of the mirror can be used to double the tuning range of swept source lasers.
